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Abstract 
This paper discusses the influence of punch radius on the formability of 1.2 mm thick H240LA steel sheets. A series of 
Nakazima tests with hemispherical punch and stretch–bending tests with cylindrical punches of variable diameter were 
performed in order to assess the influence of the strain gradient on sheet failure. Necking limit strains were obtained by using a 
recently reported time-dependent methodology that can be used not only in conventional Marciniak and Nakazima tests, but 
also in the presence of a severe strain gradient across the sheet thickness. Based on the results, formability in H240LA steel 
sheets increases with decreasing t0/R ratio. Fracture limit strains in both test series were evaluated by using an optical strain 
measurement system and measuring specimen thickness after fracture. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Universidad de Zaragoza, Dpto Ing Diseño y Fabricacion. 
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1. Introduction 
The automotive industry has used continuously improved materials since the 1980s, especially in the vehicle 
structure or body, where traditional low-carbon steel sheets have been replaced with high-strength steel (HSS) and, 
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recently, with advanced high-strength steel (AHSS), to produce lighter, more safe vehicles. This change has raised 
the need to accurately predict the response of the new steels to various plastic forming processes.
Historically, the analysis of plastic forming processes has been examined with the Forming Limit Diagram 
(FLD), which allow one to determine the limit strains needed for sheets to fail, whether by necking or by ductile
fracture, at variable strain states. Experimentally, FLDs are obtained via Marciniak or Nakazima tests, which use
flat punches and punches with a large curvature radius, respectively. However, the forming punches typically used 
in real processes produce a strain gradient across the sheet thickness due to the bending effects induce by the small
radii punches [Ghosh and Hecker (1974), Charpentier (1975)].
In this work, an experimental study of the formability of 1.2 mm thick H240LA steel sheets and the influence of 
bending on final failure is conducted. To this end, the necking and fracture limit strains of the material at variable
strain states in the presence of variably severe gradients across the sheet thickness is measured. In addition, the
material was fully characterized in mechanical terms by conducting uniaxial tensile tests to determine the plastic
anisotropy coefficients (rx) for the sheets.
2. Experimental tests
2.1. Material
The material was a high-strength, low-alloy (HSLA) steel designated H240LA. Its chemical composition is
summarized in Table 1. The material was supplied in rectangular sheets 1200×525×1.20 mm in size that were
subjected to no thermal treatment after cold rolling.
Table 1. Chemical composition of H240LA steel sheets.
C (%) Mn (%) Si (%) P (%) S (%) Al (%) Nb (%) Ti (%)
0.3071 0.0100 0.0093 0.0142 0.0346 0.0137 0.0021
2.2. Uniaxial tensile tests and plastic anisotropy tests
Test sheets were mechanized into two different geometries, namely: one for tensile tests and the other to
characterize plastic anisotropy [ASTM E8M (2009) and ASTM 517(2000)]. As can be seen in Fig. 1(a), specimens
were cut in three different orientations, namely: the rolling direction (0º), the transverse direction (90º) and a 
diagonal direction (45º). Specimen surfaces were prepared for processing by using the Digital Image Correlation 
(DIC) technique, which is described in detail below. Fig. 1(b) shows the black and white spot pattern applied on 
the specimens to this end.
        
Fig. 1. Test specimens: (a) cut direction; (b) geometry and surface preparation.
Table 2 shows the average values of major mechanical properties as determined from at least three valid tests in
each of the three directions studied.
(a) (b)
Longitudinal
ctionRolling dire
Diagonal
Transverse 
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              Table 2. Mechanical properties of H240LA sheets. 
Cut direction Yield stress 
(MPa) 
Tensile strength  
(MPa) 
Fracture elongation 
 (%, lo = 50mm) 
Plastic anisotropy  
coefficient 
Longitudinal (0º) 253.02 380.83 28.96 1.18 
Diagonal (45º) 254.18 373.73 26.72 1.10 
Transverse (90º) 250.82 364.78 28.59 1.43 
 
It has been examined the variation of the plastic anisotropy coefficients, rx, at three different engineering strain 
levels, namely: well before necking (14%), roughly the onset of localized necking (18%) and immediately 
afterwards (22%). As can be seen from Fig. 2, rx varied little with the engineering strain level used. This justifies 
assuming that the plastic anisotropy coefficients are constant throughout plastic forming in some steels 
[Aleksandrovic et al (2009)] and, especially, the H240LA sheets studied here. 
 
 
Fig. 2. Dependence of rx on the engineering strain level used. 
2.3. Stretching and stretch-bending tests 
The stretching tests (Nakazima) were used to obtain the FLD for the studied material. Fig. 3(a) depicts the 
experimental set-up used. Obtaining the whole FLD entailed assessing four different strain paths. The specimen 
geometry was altered to obtain strain paths close to an equi-biaxial state ( 1), a biaxial state (0< <1), a plane 
strain state ( 0) and a uniaxial tensile state ( -0.5), which are shown from left to right in Fig. 3(b). In 
proportional loading processes, represents the ratio of the minor and major strains in the sheet plane ( = 2/ 1). 
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Fig. 3. (a) Experimental set-up for the Nakazima tests. (b) Specimen geometries.
Stretch-bending tests were performed with cylindrical punches of variable diameter 
) in order to induce bending at a variable level and a strain gradient across the sheet thickness. The
severity of bending can be expressed as the ratio of initial sheet thickness to punch radius (t0/R) [Alain and Balan
(2007)]. Fig. 4(a) and 4(b) depict the experimental set-up and punches used. It should be noted that these tests were
conducted on a single specimen geometry and produced a strain state close to plane strain ( 0).
Fig. 4. (a) Experimental set-up for the stretch–bending tests. (b) Punches used.
Both test series were performed on an ERICHSEN 140-20 universal sheet metal testing machine in accordance
with ISO 12004-2:2008 (2008). Lubrication between sheets and punches was provided by a Vaseline + PTFE +
vaseline system. The punch velocity used was 1 mm/s and the blankholder force was set at 90 kN to prevent sheet 
slipping during the tests. As can be seen from Fig. 5, the specimens were prepared by using a stochastic pattern
consisting of black and white spots that enabled the use of DIC to determine the displacements and field of strains
for the sheets. The commercial software ARAMIS® was used to obtain the strain history at the outer surface,
which was the input data to estimate the necking and fracture limit strains for the material. Test images were
recorded by using two CCD cameras at 12 frames per second.
(a)                                                                 (b)
(a)                       (b)
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Fig. 5. Parameter values used to implement the DIC technique. 
Using the DIC technique requires defining two major parameters, namely: facet size and overlap (Fig. 5). The 
optimum values for both parameters were determined by convergence analysis (especially in the stretch–bending 
tests, where the sheets were subject to a severe strain gradient across their surface). As expected, increasing punch 
radius required reducing facet size and increasing overlap. 
3. Results and discussion 
Below are presented and discussed the results of the stretching and stretch-bending tests, which allowed us to 
assess the formability of H240LA steel sheets. 
3.1. Stretching tests 
Fig. 6 shows the FLD for the studied material, which defines its formability under various deformation states. 
The results shown include necking limit strains (FLC, Forming Limit Curve) on the outer surface (black line) and 
the strains determined by ARAMIS® at the last captured frame (image) immediately before the appearance of the 
crack (blue line), which will henceforward be referred to as the Engineering Fracture Limit (EFL) curve. The 
necking strains were evaluated using a time-dependent methodology proposed by Martinez-Donaire et al (2009, 
2010). 
The figure also shows the Fracture Forming Limit (FFL) curve for the material (red line) as obtained from the 
initial and final sheet thickness. Constructing this curve required measuring the specimen thickness in the fractured 
zone in order to assess thickness strain ( 3). Based on it, and on the assumption that the minor strain ( 2) remains 
approximately constant at the onset of localized necking (plastic instability evolved similarly to plane 2
0), the major strain ( 1) was calculated by applying the hypothesis of incompressibility during plastic deformation 
[i.e. 1 = - ( 2 + 3)]. 
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Fig. 6. Forming limit diagram for H240LA sheets. 
As can be seen, the shapes of the curves are typical for materials of a high formability, that is, a V-shaped 
necking (FLC) curve and a roughly linear fracture (FFL) curve [Vallellano et al. (2008)]. The occurrence of failure 
was governed by localized necking irrespective of the specific strain path used. One important property of the 
studied materials is that localized necking in the equi-biaxial zone (   1) immediately before ductile fracture 
was barely apparent in the captured images. 
Worth special note is the fact that strains in the outer surface of the sheet in the frame captured immediately 
before failure (EFL) were far from representative of the fracture strain (FFL) for the material. In fact, the EFL 
curve was influenced by some characteristics of the process (strain gradients in the sheet and strain rates during 
development of necking), and also by some variables of the image acquisition and processing (resolution and 
frame rate). Fig. 7 shows the major strain profiles in the frame immediately preceding fracture in a section normal 
to the crack formation direction in the Nakazima tests ( 100mm) and with cylindrical punches of variable 
diameter. The EFL and FFL for each case are labelled in the fig. 7. As can clearly be seen, the zone of localized 
strains shrank with increasing punch diameter. Also, strains increased very rapidly from the EFL levels to fracture 
levels (FFL). 
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Fig. 7. Distribution of the major strain in a section normal to the crack direction in tests involving a variable punch diameter. 
3.2.  Stretch-bending tests 
Similarly to the Nakazima tests ( 100mm), we obtained the necking limit curves (FLC) and fracture limit 
curves (EFL, FFL) for the stretch-bending tests. Again, the stretch-bending tests revealed a marked concentration 
of strains in the material after necking (see the high slope of the strain curves in Fig. 7). This led to marked 
differences between the strain values measured by image correlation at last frame recorded before fracture (i.e. 
EFL) and those obtained from direct measurements across the specimen thickness (FFL). However, it is interesting 
to note that, in general, the strain concentration fits to an exponential law of the same type. The correlation 
coefficient R2 was greater 0.99 in all instances. This indicates that the strain localization process prior fracture, and 
after necking, seems to be independent on the strain gradient due to the geometry of either the punch or the 
specimen. In the authors’ opinion this evolution could be a characteristic of the materials, related for instance with 
their mechanical properties. 
As regards the necking and fracture limits for these tests, Fig. 8 shows the mean major strain ( 1) as a function 
of the t0/R ratio for each cylindrical punch used. As can be seen, necking limit strains increased with increasing 
t0/R ratio. This is a result of the strain gradient across the sheet thickness induced by the thinner punches, which 
causes less strain level at the inner side of the sheets and delays failure [Morales-Palma et al (2013)]. An identical 
trend was observed in the EFL curve. On the other hand, ductile fracture limit strains (FFL) remained virtually 
constant at all bending levels and were independent of the severity of the strain gradient. 
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Fig. 8. Influence of bending on limit strains. 
It should be noted that the 1 mm punch (t0/R =2.4) was indented on the sheet inner surface. This fact deformed 
the outer surface, where strains were measured, as if a larger diameter punch had been used to stretch the sheet. As 
a consequence, the necking and fracture limit strains measured at the outer surface were smaller than expected. As 
in the previous cases, the EFL curve ran in between the previous two (FLC and FFL). 
4. Conclusions 
In this work, 1.2 mm thick H240LA steel sheets were characterized in mechanical terms via stretch and stretch-
bending tests in order to assess the formability of the material and the way it is influenced by bending, 
respectively. In all instances, failure by localized necking preceded ductile fracture in the material. The limit 
strains reached at the onset of necking were found to increase with increasing t0/R ratio (i.e. with decreasing punch 
radius). This was a result of the strong strain gradient across the sheet thickness produced by the smaller diameter 
punches. The formability increase due to bending at the major limit strain was about 15%. Also, fracture limit 
strains (FFL) remained constant whichever the bending level used in the forming process. 
Finally, there were marked differences between the fracture curves obtained from the last frame captured prior 
to failure (EFL curve) and the actual fracture curve (FFL) directly obtained from the specimen thickness. Such 
differences result from the considerably steep strain gradient in the specimen when it approaches ductile fracture 
(especially in ductile materials such as the studied steel). Hardened materials, which are less ductile, can be 
expected to exhibit more similar or even superimposable EFL and FFL curves. The EFL possesses a purely 
practical interest as it represents the maximum surface strain that can be detected prior to fracture of the material. 
This is especially important for on-line detection at the plant and the development of analytical and/or numerical 
calibration models for predicting failure. 
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